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Gene expressionKotonkan virus (KOTV) and Obodhiang virus (OBOV) are rhabdoviruses that were isolated from arthropods
in Africa and formerly classiﬁed as lyssaviruses. KOTV causes clinical bovine ephemeral fever in cattle; the
ecology and pathogenicity of OBOV is poorly understood. In this paper, we report the complete genome se-
quences of KOTV and OBOV, their gene expression proﬁles, and their serological and phylogenetic relation-
ships to other rhabdoviruses. The 15,870 nt KOTV genome (3′-l-N-P-M-G-GNS-α1-α2-β-γ-δ-L-t-5′) is
similar to that of bovine ephemeral fever virus but encodes an additional protein (δ) that shares homology
with the pleckstrin homology domain of coactivator-associated arginine methyltransferase. The 14,717 nt
OBOV genome (3′-l-N-P-M-G-GNS-α1-α2-β-L-t-5′) is similar to that of Adelaide River virus from which it
is distinguishable serologically. In each virus, all ORFs, except α1 and α2, are transcribed as monocistronic
mRNA. Genetic and serological data indicate that KOTV and OBOV should be classiﬁed as new species in
the genus Ephemerovirus.
Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.Introduction
Kotonkan virus (KOTV) is an arthropod-borne rhabdovirus that
was isolated from a mixed pool of biting midges (Culicoides spp.) col-
lected at Ibadan, Nigeria, in 1967 (Bauer and Murphy, 1975; Kemp
et al., 1973). A serological survey conducted in Nigeria indicated a high
prevalence of KOTV antibody in cattle, hedgehog (Atelerix albiventris)
and the giant rat (Cricetomys gambianus), and some evidence of infection
in sheep, horses, and possibly birds and humans (Kemp et al., 1973). Se-
roconversion to KOTV neutralising antibody in cattle was reported to be
associatedwith an acute bovine ephemeral fever (BEF)-like illness, char-
acterised by anorexia, nasal discharge, lameness, recumbency and low
levels of mortality. The disease occurred in local white Fulani calves
and several batches of Brown Swiss and Friesian heifers that had been
imported to Nigeria from Europe (Kemp et al., 1973). Mild signs of dis-
ease have also been reported in awhite Fulani calf following experimen-
tal injection with mouse-brain-adapted virus (Tomori et al., 1974).
Despite its association with disease, KOTV has never been characterised
at the molecular level, and the wider prevalence and geographic distri-
bution of the virus and its importance as a pathogen of ruminants have
never been determined..
12 Published by Elsevier Inc. All righObodhiang virus (OBOV) was isolated on two occasions frommos-
quitoes (Mansonia uniformis) collected near Malakal in southern
Sudan in 1963 (Schmidt et al., 1965; Shope, 1982). Little is known
of the natural history of OBOV but it has been shown to be capable
of replication in Aedes aegypti mosquitoes (Shope, 1982). It also dis-
plays morphological characteristics typical of rhabdoviruses and has
been shown to cross-react antigenically with KOTV (Bauer and
Murphy, 1975; Calisher et al., 1989). KOTV and OBOV have also
been shown to cross-react with rabies virus (RABV) and the rabies-
related viruses Mokola (MOKV), Lagos bat (LBV) and Duvenhage
(DUVV) (Bauer and Murphy, 1975; Calisher et al., 1989; Kemp et al.,
1973; Tesh et al., 1983) and, primarily on that basis, each was origi-
nally classiﬁed in the genus Lyssavirus. However, Bauer and Murphy
(1975) identiﬁed several common characteristics of KOTV and
OBOV that more resemble bovine ephemeral fever virus (BEFV)
than the lyssaviruses and questioned the wisdom of classifying
them as rabies-related viruses based primarily on very weak antigen-
ic cross-reactions. OBOV also cross-reacts strongly with the ephemer-
ovirus Adelaide River virus (ARV) in indirect ﬂuorescent antibody
(IFA) tests and there is evidence of extensive low-level cross-
reactivity between lyssaviruses and the arthropod-borne rhabdovi-
ruses in the genus Ephemerovirus (Calisher et al., 1989). Recent phylo-
genetic analyses based on limited sequence data from the polymerase
(L) and nucleoprotein (N) genes of a large number of animal rhabdo-
viruses also suggested that KOTV and OBOV are most closely related
to ARV, BEFV and other ephemeroviruses and fall within a largerts reserved.
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group) that also include the vesiculoviruses and other currently un-
classiﬁed viruses (Bourhy et al., 2005; Kuzmin et al., 2006). KOTV
and OBOV have now been withdrawn from classiﬁcation as lyssa-
viruses and their reclassiﬁcation in the genus Ephemerovirus has
been suggested (Kuzmin et al., 2006).
In this paper, we report the complete genome sequences of KOTV
and OBOV, their patterns of gene expression and their serological and
phylogenetic relationships with ephemeroviruses and other rhabdo-
viruses. The data establish that each has characteristics, including a
large and complex genome encoding a second transmembrane glyco-
protein (GNS), a viroporin-like protein and several other small acces-
sory proteins, that support their classiﬁcation as new species in the
genus Ephemerovirus.Results
Nucleotide sequences of the KOTV and OBOV genomes
The complete sequences of the OBOV and KOTV genomes were de-
termined using Illumina sequencing (75 bp reads, paired-ends). The
average read coverage was 21,131 for KOTV and 4419 for OBOV
with coverage exceeding 1000 reads for most of each genome
(Figure S1), but poor coverage at the extreme termini. These se-
quences were determined by rapid ampliﬁcation of cDNA ends
(RACE) and Sanger sequencing of the amplicon. The organisation
and features of the genomes are shown in Fig. 1 and Table 1. The
15,870 nt KOTV genome is the largest yet reported of any rhabdovi-
rus. The genome organisation (3′-l-N-P-M-G-GNS-α1-α2-β-γ-δ-L-t-
5′ in negative polarity) is similar to that of BEFV but there is an addi-
tional gene (δ) between the γ and L genes and there are no alterna-
tive open reading frames (ORFs) in the P and α2 genes (designated
P′ and α3 in BEFV). The genome has partially complementary leader
(l) and trailer (t) sequences (52 nt and 47 nt, respectively). As in
BEFV and ARV, relatively conserved transcription initiation (TI) and
transcription termination/polyadenylation (TTP) consensus se-
quences (UUGUCC and GUAC[U]7, respectively) ﬂank each ORF,
with the exception of α1 and α2 which occur as consecutive ORFs
within the α gene. Unlike BEFV but similar to ARV, KOTV intergenic
regions (IGRs) are generally short (2 nt), with the exception of the
[N-P] IGR (22 nt), and the [δ-L] IGR (65 nt) which is unique amongst
ephemeroviruses in that there is no overlap of the L gene TI sequence
by the TTP sequence of the gene upstream.
The 14,717 nt OBOV genome is similar in size and organisation to
the ARV genome (3′-l-N-P-M-G-GNS-α1-α2-β-L-t-5′ in negative po-
larity), containing GNS, α1, α2 and β genes between the G and L
genes but lacking γ and δ genes. The OBOV and ARV leader (50 nt)
and trailer (47 nt) sequences are identical in length and share aBEFV 3’ 
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Fig. 1. Schematic representation of the genome organisations of BEFV, ARV, OBOV and KOTV
and the characteristic ephemerovirus accessory genes (darker shading).high level of sequence identity. The short OBOV and ARV IGRs are
also identical. Although conserved TI and TTP sequences are similar
to those of ARV, corruptions (U to C mutations) in the ARV TTP se-
quences following the G and GNS genes which result in synthesis of
a G-GNS-α polycistronic mRNA (Wang and Walker, 1993), do not
occur in the OBOV genome.
Overall in pair-wise comparisons, the four ephemerovirus ge-
nomes share 50.7–53.6% nucleotide sequence identity, except for
OBOV and ARV for which the level of identity is 70.2%.Deduced amino acid sequences of KOTV and OBOV proteins
The deduced amino acid sequences of ORFs encoding the major
structural proteins (N, P, M, G and L) predict molecular weights of
the unmodiﬁed proteins of 47.9, 29.9, 24.3, 74.8 and 244.7 kDa for
KOTV, and 49.4, 33.2, 26.3, 76.9 and 247.5 kDa for OBOV, respectively.
They each display similarity to the cognate proteins of other animal
rhabdoviruses but are most closely related to those of the ephemero-
viruses BEFV and ARV. In each of these proteins, OBOV and ARV are by
far the most closely related viruses sharing, for example, 86.9% iden-
tity in the N protein and 68.6% identity in the G protein compared to
other pair-wise relationships which range from 47.8%–51.8% identity
for N and 27.7%–28.9% identity for G. Although the overall level of
identity amongst the G proteins is relatively low, there is absolute
conservation of the 18 cysteine residues in the ectodomain which
are predicted to form nine disulphide bridges to stabilise the folded
structure (Walker, 2008; Walker and Kongsuwan, 1999). The G pro-
teins also contain 4–5 predicted N-glycosylation sites for which the
positions are generally variable, except for OBOV and ARV in which
the four sites are conserved (Fig. 2).
The deduced amino acid sequences of the GNS, α1, α2 and β pro-
teins follow a similar pattern with identiﬁable homology between
the cognate proteins and much higher sequence identity between
OBOV and ARV than for other pair-wise relationships. Like those of
BEFV and ARV (Walker et al., 1992; Wang and Walker, 1993), the
OBOV and KOTV GNS proteins have the predicted structure of class I
transmembrane glycoproteins with signiﬁcant amino acid sequence
homology with their corresponding G proteins and the G proteins of
other animal rhabdoviruses. Most signiﬁcantly, 14 of the 18 cysteine
residues that are conserved amongst the G proteins are also con-
served in the GNS proteins, suggesting they adopt a similar folded
structure (Fig. 2). The OBOV and ARV GNS proteins share a pair of ad-
ditional cysteine residues in C-terminal region of the ectodomain that
may form a unique disulphide bridge. The GNS proteins each contain
9–10 predicted N-glycosylation sites, many of which are clustered
in the C-terminal region of the ectodomain.
All four ephemeroviruses encodeα1,α2 and β proteins. Like those
of BEFV and ARV, the putative α1 proteins of OBOV and KOTV share5’ 
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Table 1
Ephemerovirus genome features.
Feature BEFV KOTV ARV OBOV
Leader 50 52 50 50
TIa UUGUCC UUGUCC UUGUCC UUGUCC
N gene (ORF) 1328 (1282) 1387 (1281) 1355 (1290) 1355 (1290)
TTPb GUAC[U]7 GUAC[U]7 GUAC[U]7 GUAC[U]7
IGRc N-P 26 22 1 1
TI UUGUCC UUGUCC UUGUCC UUGUCC
P gene (ORFs) 858 (837) 899 (783) 932 (903) 895 (867)
TTP CATG(A)7 CATG(A)7 CGTG(A)7 CATG(A)7
IGR P-M 43 2 1 1
TI UUGUCC UUGUCC UUGUCC UUGUCC
M gene (ORF) 691 (661) 725 (651) 714 (672) 710 (684)
TTP CATG(A)7 CATG(A)7 CATG(A)7 CTTG(A)7
IGR M-G 47 2 1 1
TI UUGUCC UUGUCC UUGUCG UUGUCG
G gene (ORF) 1897 (1872) 2045 (1920) 4571 (1983) 2114 (1989)
TTP CATG(A)7 CATG(A)7 CATG(A)4G(A)2 CATG(A)7
IGR G-GNS 53 2 (4) 4
TI UUGUCC UUGUCC UUGUCC UUGUCC
GNS gene (ORF) 1785 (1761) 2812 (1764) 4571 (1830) 1892 (1815)
TTP CATG(A)7 AAAG(A)7 CACG(A)2G(A)4 CATG(A)7
IGR GNS-α 37 (2) (1) 1
TI UUGUCC UUGUCU UUGUCC UUGUCC
α gene (ORFs) 638 (276, 351) 2812 (273, 297) 4571 (327, 303) 677 (327, 303)
TTP CTTG(A)7 CATG(A)7 CATG(A)7 CATG(A)7
IGR αβ 39 2 1 1
TI UUGUCC UUGUCC UUGUCU UUGUCU
βgene (ORF) 889 (444) 954 (474) 493 (441) 502 (444)
TTP CATG(A)6 ATAG(A)8 CATG(A)7 CATG(A)7
IRGβγ (31) (2) nad na
TI UUGUCC UUGUCC
γ gene (ORF) 889 (345) 954 (303) na na
TTP CATG(A)7 CATG(A)7
IGRγδ na 2 na na
TI UUGUCC
δgene (ORF) na 412 (330) na na
TTP CATG(A)7
IGR β/γ/δ-L −21 65 −22 −22
TI UUGUCC UUGUCC UUGUCC UUGUCC
L gene (ORF) 6470 (6444) 6440 (6387) 6490 (6435) 6488 (6417)
TTP CATG(A)7 CATG(A)7
Trailer 70 47 47 47
Total nucleotides 14,900 15,870 14,627 14,717
a Transcription initiation sequence.
b Transcription termination/polyadenylation sequence.
c Intergenic region.
d Not applicable.
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structures with a predicted N-terminal ectodomain containing clus-
ters of aromatic residues, a central hydrophobic transmembrane do-
main and a highly basic C-terminal domain. The 11.9 kDa α2
proteins of OBOV and ARV share signiﬁcant amino acid sequence
identity (30.6%) but, although of similar size (11.4–14.2 kDa), the
KOTV and BEFV α2 proteins share very little sequence similarity
with each other or with the OBOV and ARV α2 proteins. The OBOV
β protein (17,211 Da) is also similar in size to the ARV β protein
(17,104 Da) with which it shares 79.5% amino acid sequence identity.
The KOTV β protein (18,487 Da), although clearly related to the
β proteins of BEFV, ARV and OBOV, shares very little sequence identity.
Only KOTV and BEFV encode γ proteins. The KOTV γ protein
(11,672 Da; pI=8.06) is similar in size and net charge to the BEFV
γ protein (13,467 Da; pI=8.91) with which it shares 23.5% amino
acid sequence identity and extensive sequence similarity. As for the
α2 and β proteins, the ephemerovirus γ proteins have no obvious
features that may suggest their function and Blastp searches failed
to detect any signiﬁcant homology with other known proteins.
The KOTV δ gene is unique, encoding a putative acidic protein of
12,399 Da (pI=5.03). A Blastp search detected signiﬁcant amino
acid sequence identity with the N-terminal pleckstrin homology do-
main of the coactivator-associated arginine methyltransferase 1(CARM1) superfamily with strongest homology to the bovine, equine
and guinea pig proteins. A ClustalW alignment of the sequences indi-
cated that the region of highest sequence identity was with the highly
conserved domain corresponding to D42 to L99 of bovine CARM1
(Fig. 3). The Blastp search also identiﬁed limited homology with ubi-
quitin carboxyl-terminal hydrolase 24 but the region of homology is
not located within any of the recognised functional domains
(Quesada et al., 2004).
OBOV and KOTV gene transcription proﬁles
Transcripts were identiﬁed in total RNA extracted from OBOV- and
KOTV-infected Vero cells by an anchor PCR utilising an oligo(dT)
primer and sequence-speciﬁc primers targeting each ORF (Fig. 4).
For each virus, the size of ampliﬁed products was consistent with
the initiation and termination of transcription at the identiﬁed TI
and TTP sequences ﬂanking each gene and this was conﬁrmed by se-
quence analysis. The data indicated that each ORF was expressed pri-
marily as a monocistronic mRNA, except ORFs α1 and α2 which are
not separated by TTP and TI sequences and were transcribed as a
bicistronic α1–α2 mRNA. Some products of other sizes were also am-
pliﬁed but most were of insufﬁcient size to have resulted from oli-
go(dT) priming on a mRNA terminating at the next available TTP
Transmembrane domain 
Signal peptide 
Fig. 2. An alignment of BEFV, KOTV, ARV and OBOV G proteins and GNS proteins illustrating the conservation of cysteine residues. The alignment was generated in ClustalW using
default parameters and then adjusted manually. Cysteine residues are shaded and numbered according to the system described in Walker and Kongsuwan (1999). Predicted
N-glycosylation sites are underlined. Predicted signal peptides and transmembrane domains are also indicated. Other fully conserved (*), strongly conserved (:) or weakly
conserved (.) amino acids are indicated below the alignment.
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on adenosine-rich regions within the targeted ORF. Two products
were larger than the predicted size. A larger amplicon detected
using a primer in the KOTV G ORF resulted from read-through into
the δ ORF with the deletion of the intervening ORFs. Analysis of the
Illumina deep genome sequencing data conﬁrmed that this was due
to the presence of DI (defective-interfering) particles with this defec-
tive genome structure which was present in 77 of 832 reads (9.3%). Alarger amplicon detected using a primer in the KOTV γ ORF was due
to read-through of the TTP signal, resulting in low-level expression
of a γ–δ bicistronic mRNA terminating at the next available TTP sig-
nal. In this case, analysis of deep sequencing data detected the pres-
ence of variants with corrupted KOTV γ gene TTP sequences. These
included variant sequences in which each possible position in the
[U]7 repeat was substituted by a G residue, representing a total of
623 of the 6127 sequencing reads (10.2%) through this region.
Fig. 3. Alignment of KOTV δ protein with the N-terminal PH domains of several CARM1 proteins. Universally conserved (* and shaded), strongly conserved (:) and weakly conserved
(.) amino acids are indicated. As in KOTV δ, the strongly conserved region follows a non-conserved region in the CARM 1 orthologues.
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quences but they occurred at much lower frequencies. Overall, the
data indicated that all putative TI and TTP sequences were functional
in the initiation and termination of transcription, including the TTP se-
quences following the KOTV GNS ORF (UUUC[U]7) and the KOTV β
ORF (UAUC[U]8) which vary signiﬁcantly from the consensus TTP se-
quence (Table 1).
Expression of KOTV and OBOV proteins in infected cells
KOTV and OBOV infected Vero cells were pulse radiolabelled with
L-[35S]-methionine/cysteine at 0 (mock-infected), 5, 10, 17, 25 and
35 hour post-infection (hpi) and analysed by SDS-PAGE and autoradi-
ography (Fig. 5A). In KOTV-infected cells, a marked shut-down of host
cell protein synthesis was observed from 17 hpi but several proteins
increased in intensity as infection progressed and continued to be
synthesised at high levels at 35 hpi. These migrated at positions that
correspond approximately to the deduced molecular weights with es-
timated sizes of: L (~200 kDa); GNS (~74 kDa); G (~71 kDa); N
(~47 kDa); P (~35 kDa); and M (~22 kDa). No other KOTV-induced
proteins of molecular weight smaller than the M protein were evi-
dent. In OBOV-infected cells, shut-down of host cell protein synthesis
was detected from 10 hpi but was less pronounced than in KOTV-
infected cells. The estimated sizes of the major structural proteins
based on electrophoretic mobility were: L (~200 kDa), GNSN P M G GNS α1 
N P M G GNS α1 
DI 
B
A kraM
kraM
Fig. 4. Detection of OBOV (panel A) and KOTV (panel B) transcripts in infected Vero cells by
dots mark the positions of ampliﬁed products of the size anticipated for mRNAs termination
KOTV G ORF that was derived from a defective-interfering particle is indicated (DI), as is a(~82 kDa) G (~76 kDa), N (~47 kDa) P (~39 kDa) and M (~24 kDa).
A protein with an estimated molecular weight of ~15 kDa that
appeared to be expressed at relatively high levels from 17 hpi was
of similar size to the predicted OBOV β protein. No other induced pro-
teins of lower molecular weight were detected.
Proteins expressed in KOTV- and OBOV-infected Vero cells at 18,
24 and 48 hpi were also examined by SDS-PAGE and immunoblotting
using the homologous mouse ascitic ﬂuids (MAFs) (Fig. 5B). At each
time-point, KOTV MAF detected speciﬁc reactions with proteins mi-
grating at sizes corresponding approximately to the G, N, P, and M
proteins and two smaller proteins of approximately 15 kDa and
16 kDa that appear to bemost similar in size to the predictedmolecular
weights of the KOTV β and δ proteins. OBOV MAF detected strong spe-
ciﬁc reactions with proteins migrating at sizes corresponding approxi-
mately to the N, P and M proteins and a weak reaction with a protein
of higher molecular weight that appeared to be the G protein. A strong
speciﬁc reaction was also detected with a ~32 kDa protein which could
not be identiﬁed. There was no evidence in this cell line of reactions
with proteins of lower molecular weight corresponding to the OBOV
α1, α2 or β proteins.
Serological relationships
Serological relationships between KOTV, OBOV, BEFV, ARV, Berrimah
virus (BRMV) and Kimberley virus (KIMV) were determined by cross-α2 β L 
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at the TTP site associated with each gene. A minor product ampliﬁed using a primer in
product generated by read-through of the KOTV γ−δ gene junction (RT).
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Fig. 5. SDS-PAGE of proteins expressed in KOTV- andOBOV-infected Vero cells. Panel A: Pulse radiolabelling of proteinswith [35S]-methionine and [35S]-cysteine at various times post-infection.
Panel B; Detection of viral proteins by immunoblotting using KOTV-speciﬁc or OBOV-speciﬁc mouse ascitic ﬂuid (MAF) at various times post-infection. Bands corresponding approximately in
size to the estimatedmolecularweights of themajor viral structural proteins (L, G, N, P andM) and the non-structural glycoprotein (GNS) are indicated. Other bands that appear to be induced or
were detected by immunoblotting in infected cells (I) but not mock-infected cells (M) are also indicated (x). Immunoblots were intentionally over-exposed to reveal weak reacting bands.
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ARV hyperimmune rabbit serum and BEFV immune cattle serum
(Table 2). As reported previously, there was no cross-neutralisation be-
tween BEFV and KIMV but partial cross-neutralisation was detected be-
tween BEFV and BRMV (Cybinski and Zakrzewski, 1983; Gard et al.,
1983). Supporting the genome sequence data, OBOV and ARV were dis-
tinct but closely related serologically with evidence of partial reciprocal
cross-neutralisation. No cross-neutralisation was detected between
KIMV or KOTV and any other known ephemerovirus.
Phylogenetic relationships
Neighbour-joining trees were generated from multiple sequence
alignments of the deduced amino acid sequences KOTV and OBOV L,
N, G and GNS proteins, and those of other animal rhabdoviruses
(Fig. 6). For each protein, KOTV and OBOV clustered with BEFV and
ARV to form a distinct clade supported by strong bootstrap values, repre-
senting the genus Ephemerovirus. The L, N and G protein phylogenies in-
dicated that the ephemeroviruses cluster is most closely related to
Tibrogargan virus (TIBV) and Coastal Plains virus (CPV) which have re-
cently been proposed as foundation members of a new genus Tibrovirus,
and to Ngaingan virus (NGAV), Wongabel virus (WONV) and Flanders
virus (FLAV) which together are members of the Hart Park serogroup(Walker et al., 2011). The ephemerovirus GNS proteins also clustered
when analysed in a multiple sequence alignment with the G proteins
and were most closely related to the NGAV GNS protein with which
they form a distinct clade supported by strong bootstrap values
(Fig. 6). As the GNS protein clade is deeply rooted on the tree branch
also containing the G proteins of the ephemeroviruses, tibroviruses and
the Hart Park group, the G and GNS genes appear to have arisen from a
common ancestral gene.
Discussion
The genus Ephemerovirus currently comprises the species Bovine
ephemeral fever virus, (type species), Berrimah virus and Adelaide
River virus (Dietzgen et al., 2011). The data presented in this paper pro-
vide a strong case for the assignment of Kotonkan virus and Obodhiang
virus as two new species in this genus. The genome organisation of
each virus is typical of ephemeroviruses including the large non-
structural glycoprotein gene (GNS) and several downstream accessory
genes encoding proteins with low but identiﬁable sequence homology
with the cognate proteins of BEFV and ARV. KOTV and OBOV also
share the consensus transcription regulatory (TI and TTP) sequences
with the ephemeroviruses and they cluster in the same clade in phylo-
genetic analyses of the L, N, G and GNS proteins. KOTV is clearly distinct
Table 2
Virus neutralisation tests of KOTV, OBOV and BEF-serogroup viruses.
Virus Antiserum
BEFV BRMV KIMV ARV OBOV KOTV
BEFV 1/1280 1/20 – – – –
BRMV >1/80 >1/40 – – – –
KIMV –⁎ – >1/80 – – –
ARV – – – 1/640 1/80 –
OBOV – – – 1/40 >1/1280 –
KOTV – – – – – >1/640
⁎ Titreb1/20
149K.R. Blasdell et al. / Virology 425 (2012) 143–153fromBEFV, ARV andOBOV,with no evidence of cross-neutralisation and
encoding the unique δ ORF. Although OBOV shares the same genome
organisation and a relatively high level of nucleotide and amino acid se-
quence identity with ARV, it is distinct serologically, displaying only
partial cross-neutralisation, and there are signiﬁcant differences in
the length of most genes and ORFs, resulting in an overall genome
size difference of 90 nt. Several other viruses have been shown to be
closely related serologically to BEFV and other ephemeroviruses
(Calisher et al., 1989). Kimberley virus has been isolated from mosqui-
toes (Culex annulirostris), biting midges (Culicoides brevitarsis) and
cattle in Australia and there is evidence of KIMV antibody in cattle in
East and South-east Asia. Sequence analysis of a short fragment of
the L gene has suggested that KIMV also clusters genetically with the
ephemeroviruses (Bourhy et al., 2005) and cross-neutralisation tests
indicated that it is distinct frombothOBOV and KOTV (Table 2).Malakal
virus from Sudan and Puchong virus from Malaysia, have each been
isolated from the same species of mosquito (M. uniformis) from which
OBOV was isolated. Evidence of strong cross-reactions in indirect
immunoﬂuorescence assays (Calisher et al., 1989) suggests they will
also be classiﬁed as ephemeroviruses but genetic characterisation of
these viruses is required to establish their relationship to OBOV, KOTV
and other viruses in the genus.
At 15,870 nt, the KOTV genome is the largest yet reported for any
rhabdovirus, exceeding that of Ngaingan virus (NGAV) by 106 nt
(Gubala et al., 2010). Like the ephemeroviruses, NGAV encodes a
GNS glycoprotein that is related in sequence to rhabdovirus G pro-
teins. The NGAV genome also contains a total of seven small accessory
genes (U1–U7) but they are inserted at various sites in the genome
and encode proteins with no identiﬁable structural homology to
ephemerovirus proteins. Indeed, although the NGAV genome is sig-
niﬁcantly more complex with a total of 15 ORFs, the KOTV genome
is larger primarily due to unusually long 3′ non-coding regions
(NCRs) of some mRNAs. For example, the KOTV GNS 3′ NCR extends
327 nt beyond the termination codon and the 3′NCR of the γ gene ex-
tends 131 nt. Long 3′ NCRs have not been reported in other ephemer-
oviruses but lyssavirus G genes feature a 3′ NCR of approximately 450
nt that is preserved in isolates of various genotypes (Delmas et al.,
2008; Ravkov et al., 1995; Tordo et al., 1986) and 3′ NCRs of up to
303 nt have also been reported in the G gene of vesicular stomatitis
virus (VSV) isolates, apparently due to polymerase ‘stutter’ during
replication (Bilsel and Nichol, 1990). The functions of long untrans-
lated regions and the mechanism that sustains them in the genome
are not known but it has been suggested that they may stabilise the
RNA through secondary structure, have a role in interaction with
host cell proteins or attenuate the expression of genes downstream
(Barr et al., 2002; Ravkov et al., 1995).
The putative KOTV and OBOV α1, α2 and β proteins are clearly
orthologues of the corresponding BEFV and ARV proteins, albeit
with relatively low levels of amino acid sequence identity. Similarly,
the putative KOTV γ protein is clearly an orthologue of the BEFV γ
protein. Although the α1 proteins have structural characteristics of
viroporins, the other putative accessory proteins lack sequence ho-
mology with known proteins and their functions remain unknown.The unique KOTV δ protein does shares signiﬁcant amino acid se-
quence homology with coactivator-associated arginine methyltrans-
ferase 1 (CARM1). This multi-domain enzyme (also known as
protein arginine methyl transferase 4, PRMT4) is recruited by tran-
scription factors to methylate histone H3 and interact with the p160
family of co-activators, leading to chromatin remodelling and gene
activation (Troffer-Charlier et al., 2007). NF-κB-dependent expression
of genes associated with immune and inﬂammatory responses are
impaired in CARM1-knockout mammalian cells (Covic et al., 2005;
Hassa et al., 2008; Miao et al., 2006) and CARM1 has been shown to
cooperate with PRMT1 to activate STAT5-mediated transcription
upon stimulation with interleukin-4 (Kleinschmidt et al., 2008).
KOTV δ aligns speciﬁcally with the conserved pleckstrin homology
(PH) domain of CARM1 that is responsible for high-speciﬁcity
binding to proline-rich regions of target proteins. Other functional
domains in CARM1 include the catalytic domain in the central region
and the S-adenosyl-methionine binding domain in the C-terminal
region (Troffer-Charlier et al., 2007). Although the role of the KOTV
δ protein is presently unknown, speciﬁc alignment with the 112
amino-acid N-terminal PH domain of CARM1 suggests it may mimic
the function of this region, blocking its interaction with its target
proteins and inhibiting the activation of transcription of immune
response genes.
Evidence for expression of the KOTV and OBOV small accessory
genes is based primarily on the observations that the ORFs are pre-
served in the various ephemeroviruses and that the corresponding
polyadenylated mRNAs are expressed in infected cells. The major
transcripts were observed to be monocistronic with the exception of
the α1 and α2 ORFs which, (as in BEFV and ARV) are expressed
only from a bicistronic mRNA due to the absence of intervening TTP
and TI sequences. Transcriptional proﬁling also provided evidence of
low level expression of bicistronic mRNAs from other genes as a re-
sult of read-through of TTP sequences. Multicistronic mRNAs have
been reported previously for other rhabdoviruses. In BEFV, the abbre-
viated TTP sequence following the β gene (GUAC[U]6) has been
shown to result in a bicistronic β–γ mRNA (McWilliam et al., 1997)
and ARV has been reported to transcribe a polycistronic G-GNS-α
mRNA as a result of the corruption of the TTP sequences following the
G and GNS genes (GUAC[U]4C[U]2 and GUGC[U]2C[U]4, respectively)
(Wang and Walker, 1993). These corruptions appear to have occurred
during extensive passage in cell culture (D.A. Joubert and P.J. Walker,
unpublished data). In VSV, low level transcription of bicistronic
mRNAs has been reported to occur with a frequency of 1–3% at most
gene junctions but at the P–M junction the frequency was as high as
~10% (Herman et al., 1980; Masters and Samuel, 1984). Although this
was then interpreted as being due to the ﬁdelity rate of the viral poly-
merase (failure to process), the KOTV deep sequencing data indicates
that TTP sequences are likely to be rendered non-functional by muta-
tion in up to ~10% of the genome population at some gene junctions.
Thus, read-through appears to be primarily a consequence of the struc-
ture of the quasispecies population rather than the ﬁdelity with which
the polymerase can recognise and process intact transcriptional control
signals. The reason that nucleotide substitutions in the [U]7 tracts of the
TTP sequences were exclusively G residues is not clear but, as this pat-
tern was common to all gene junctions in each virus, it may be instruc-
tive of the mechanism of termination and re-initiation enacted by the
polymerase during transcription.
Evidence of expression of the small accessory genes at the protein
level was more difﬁcult to demonstrate. Pulse radiolabelling and im-
munoblotting with polyclonal mouse ascetic ﬂuid did detect evidence
of expression of 15–16 kDa viral-induced proteins in OBOV- and
KOTV-infected cells which were most similar in size to the estimated
molecular weights of the β and δ proteins. However, expression levels
were clearly low and the proteins could not be speciﬁcally identiﬁed
bymass spectrometry due to the high background of cellular proteins.
We have observed similar difﬁculties in detecting expression of BEFV
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only through the use of high titre monospeciﬁc antibodies (D.A. Jou-
bert and P.J. Walker, unpublished data). The origin of the ~32 kDaprotein that reacted strongly with OBOV MAF is also unknown as it
does not correspond in size to those predicted for any of the virus-
encoded proteins. This protein may be the degraded product of a
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strongly in immunoblots with the MAF despite its high titre in virus
neutralisation tests.
KOTV is one of only a few viruses that have been shown to cause a
debilitating and potentially fatal disease but have been the subject of
little further study. The disease caused by KOTV in cattle is similar to
that caused by BEFV but previous evidence suggests it may have a
wider host range, possibly including humans (Kemp et al., 1973). Al-
though OBOV has been isolated from insects, its vertebrate host range
is currently unknown. Its very close relationship to ARV suggests that
it is likely to also infect ruminants. In Australia, there is evidence that
ephemeral fever-like illnesses occur in cattle without evidence of
BEFV infection and the limitations of veterinary services in many
tropical countries suggest similar undiagnosed diseases may occur
elsewhere. This study provides a useful basis for the development of
routine laboratory tests for future investigations of the wider geo-
graphic distribution of KOTV and OBOV and their potential role in dis-
eases of livestock and wildlife.
Materials and methods
Viruses and cells
The origins of KOTV (strain IbAr 23380; CDC catalogue M20929)
and OBOV (strain SudAr 1154-64; CDC Catalogue M22571,
M21087W) have been described above (Kemp et al., 1973; Schmidt
et al., 1965). Each virus was passaged several times in suckling
mice, three times in C6-36 (Aedes albopictus) cells and four times in
BHK-BSR cells prior to use in these experiments. The origins and pas-
sage histories of Wongabel virus (WONV; strain: CS264) and bovine
ephemeral fever virus (BEFV; strain BB7721) have been described
elsewhere (Doherty et al., 1969; Gubala et al., 2008; Walker et al.,
1992). Berrimah virus (BRMV; strain DPP63) was isolated in 1981
from Berrimah Research Farm near Darwin, Australia (Gard et al.,
1983). It was passaged seven times in BHK-BSR cells prior to use in
these experiments. Kimberley virus (KIMV; strain CS368) and Ade-
laide River virus (ARV; strain DPP61) were isolated in 1980 and
1981, respectively, at the Tortilla Flat Research Farm, Northern Terri-
tory, Australia (Cybinski and Zakrzewski, 1983; Gard et al., 1984).
KIMV was passaged 17 times in BHK-BSR cells and twice in Vero
cells and ARV was passaged six times in BHK-BSR cells and twice in
Vero cells prior to use in these experiments.
Viruses were grown in BHK-BSR or Vero cells at 37 °C. BHK-BSR
cells were cultured in Basal Medium Eagle (BME) and Vero cells
grown in Eagle's Minimum Essential Medium (EMEM), each supple-
mented with 10 mM HEPES, 6.7 mM NaHCO3, 2 mM L-glutamine,
137 μM streptomycin, 80 U/ml penicillin and 5% foetal calf serum
(growth medium) or 2.5% foetal calf serum (maintenance medium).
Antisera
KOTV (IbAr 23380), OBOV (SudAr 1275-64), BRMV (DPP63) and
KIMV (CS368) mouse ascitic ﬂuids were produced as described previ-
ously (Sartorelli et al., 1966). ARV (DPP61) hyperimmune serum was
raised in rabbits using puriﬁed virus. BEFV (BB7721) antiserum wasFig. 6. Phylogenetic analysis of full-length sequences of animal rhabdovirus L proteins (top panel
consensus bootstrap trees (1000 repetitions) were constructed inMEGA 5.0 fromMUSCLE seque
phobicity multiplier−2. Rhabdoviruses included in the analysis include pike fry rhabdovirus (P
vesicular stomatitis New Jersey virus (VSNV), vesicular stomatitis Alagoas virus (VSAV), Cocal
(TUPV), Flanders virus (FLAV), Wongabel virus (WONV), Ngaingan virus (NGAV), Tibrogarga
(ARV), Obodhiang virus (OBOV), bovine ephemeral fever virus (BEFV), European bat lyssavirus 1
savirus (ABLV), rabies virus (RABV), Mokola virus (MOKV), Lagos bat virus (LBV), Shimoni bat
(KHUV), vesicular haemorrhagic septicaemia virus (VHSV), Hirame rhabdovirus (HIRV), infectio
(OITV), Moussa virus (MOUV), Drosophila melanogaster sigmavirus (DmSV), Drosophila obscura s
Clusters of viruses representing assigned or recently proposed genera are shaded. Bootstrap valuraised in cattle by vaccination with puriﬁed G protein (Uren et al.,
1994). Negative control bovine serum was obtained from Australian
cattle located outside the known distribution range of ephemero-
viruses. All sera were complement-inactivated at 56 °C for 30 min.
Virus neutralisation tests
Virus neutralisation tests were conducted in quadruplicate in
BHK-BSR cells and in Vero cells essentially as described previously
(Tian et al., 1987). Sera were diluted in a two-fold series in cell culture
medium (1/20 to 1/1280 in 50 μl volumes) in ﬂat-bottomed 96-well
plates (Nunc). An equal volume of virus (100 TCID50) was added to
each well and the plates were incubated at 37 °C for 1 h in 5% CO2.
Cells were added to each well in 100 μl of cell culture medium
(2×105 cells/ml). The plates were incubated at 37 °C in 5% CO2 and
examined for evidence of cytopathic effect (CPE) at 4 d and 6 d
post-infection (dpi). Infectivity titres were calculated using the meth-
od of Reed andMuench (1938). Virus neutralisation titres were deter-
mined as the lowest antibody dilution at which CPE was not
observed.
RNA extraction and PCR-select cDNA subtraction
The method of extraction of total RNA from infected cells and a
modiﬁed PCR-select cDNA subtraction method for enrichment for
viral sequences have been described previously (Gubala et al., 2008,
2010). The PCR-select method employed WONV as the driver and li-
braries were constructed using three different restriction enzymes
(AluI, HaeIII and RsaI).
RACE
A modiﬁed protocol for the rapid ampliﬁcation of cDNA ends
(RACE) was used to obtain 5′ and 3′ terminal genome sequences as
described previously (Gubala et al., 2008, 2010). All RACE PCRs used
a modiﬁed rhabdovirus-speciﬁc anchor primer, described previously
(Gubala et al., 2010). Details of gene-speciﬁc primers used in this proto-
col are shown in Table S1. For 3′ RACE, the DT88 adaptor was ligated di-
rectly to 1 μg of total genomic RNA prior to cDNA synthesis as described
previously (Li et al., 2005) with the exception that the ligation reaction
was performed at 4 °Cwith the addition of 40 U RNaseOut (Invitrogen).
The cDNAwas diluted 1/10 before being subjected to PCR ampliﬁcation.
The resulting PCR products were puriﬁed using the QIAquick PCR Puri-
ﬁcation Kit (QIAGEN) and sequenced directly.
DNA sequencing and sequence analyses
Sanger sequencing was performed using the BigDye Terminator
v. 3.1 kit and the ABI PRISM 3130xl Genetic Analyzer (both from Ap-
plied Biosystems, USA). High-throughput DNA sequencing was per-
formed using an Illumina GAII at Micromon (Monash University,
Clayton, Australia) according to the manufacturer's protocol. Prior to
de novo assembly, Illumina reads were ﬁltered to remove low quality
reads and linker sequences added during the subtraction process.
Reads were assembled using Velvet (Zerbino and Birney, 2008) and), N proteins (middle panel) and G andGNS proteins (bottom panel). The neighbour-joining
nce alignments using the following parameters: gap open−2.9; gap extend−0.01; hydro-
FRV), spring viremia of carp virus (SVCV), Chandipura virus (CHNV), Isfahan virus (ISFV),
virus (COCV), vesicular stomatitis Indiana virus (VSIV), Durham virus (DURV), tupia virus
n virus (TIBV), Coastal Plains virus (CPV), kotonkan virus (KOTV), Adelaide River virus
(EBLV1), European bat lyssavirus 2 (EBLV2), Duvenhage virus (DUVV), Australian bat lys-
virus (SBV), West Caucasian bat virus (WCB), Ozernoe rhabdovirus (OZEV), Khujand virus
us haematopoietic necrosis virus (IHNV), Snakehead rhabdovirus (SHRV), Oita rhabdovirus
igmavirus (DoSV), Simiperca chuatsi rhabdovirus (SCRV) and sea trout rhabdovirus (STRV).
es (expressed as percentage) are indicated for the major nodes.
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ﬁnalised using SeqMan Pro v. 8.0.2 (Lasergene version 8, DNASTAR).
Mapping of reads back on to the ﬁnal viral consensus sequence was
performed using SHRiMP (Rumble et al., 2009). Bam ﬁles arising
from the read mapping were viewed using ARTEMIS (Rutherford
et al., 2000). Annotation of genes and coding regions was performed
using ARTEMIS. Sequences were compared to GenBank, Swiss-PROT
and PDB using Blast (Altschul et al., 1997). The complete genome se-
quence of KOTV (HM474855) and OBOV (HM856902) have been de-
posited in GenBank.
Nucleotide and amino acid sequence identity estimations were
conducted using MegAlign (Lasergene version 9, DNASTAR). Phyloge-
netic analyses were conducted using MEGA version 5 (Tamura et al.,
2011).
Transcription proﬁling
The identiﬁcation of polyadenylated viral mRNAs was conducted
by an anchor-PCR procedure. cDNA was synthesised from total RNA
extracted from infected cells using the Superscript III ﬁrst-strand syn-
thesis system (Invitrogen) and 10 μM poly (d)T primer CDS III (5′-
ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30VN-3′) from the Mate-
&-Plate Library System (Clontech) at 40 °C for 10 min, 50 °C for
50 min and 75 °C for 10 min. All PCR ampliﬁcations were performed
using the reverse primer 3′ (GTATCGATGCCCACCCTCTAGAGGCC-
GAGGCGGCCGACA) from the Mate-&-Plate Library System (Clontech)
and a target gene-speciﬁc forward primer (Table S2) in the GoTaq
PCR system (Promega) using 3 μl cDNA, 5 μl 5× GoTaq Buffer, 3 μl
MgCl2, 0.5 μl 10 mM dNTPs, 1 μl each primer (10 μM), 0.125 μl
GoTaq polymerase and 12 μl nuclease-free H2O. The cycling condi-
tions for all PCR reactions were as follows: 1 cycle 95 °C 2 min; 40 cy-
cles 95 °C 30 s, X °C 30 s, 72 °C 30 s; 1 cycle 72 °C 5 min; 4 °C hold
with the annealing temperature (X) the only variable (Table S2).
PCR products were analysed in 2% TAE-agarose gels. To conﬁrm the
identity of ampliﬁed products, bands were gel extracted using the
QIAquick gel extraction kit (QIAGEN) and sequenced using the Big-
Dye Terminator method.
SDS-PAGE and immunoblotting of viral proteins
SDS-PAGE and immunoblotting were conducted essentially as de-
scribed previously (Gubala et al., 2008) but with the following modi-
ﬁcations. Vero cells grown to 80% conﬂuence in 6-well plates (Nunc)
were infected with virus at an MOI of 3 TCID50/cell, or were mock
infected. After 1 h at 37 °C, inoculum was removed and replaced with
fresh medium. Infected and mock infected cells were harvested at vari-
ous times post-infection. Supernatant was removed and cells were
washed three times in phosphate buffered saline (PBS) before being har-
vested into 200 μl of Y-PER Yeast Protein Extraction Reagent (Thermo
Scientiﬁc) containing 1× protease inhibitor cocktail set V, EDTA-free
(Calbiochem). The cell preparations were vortexed for 20 min and then
microfuged at 13,000 rpm for 20 min at room temperature.
The cell preparations were analysed by SDS-PAGE using NuPAGE
Novex 4–12% Bis-Tris SDS-PAGE gels with 1× MOPS Running Buffer
(Invitrogen) according to the manufacturer's instructions. Proteins
were transferred onto Optitran BA-S 83 reinforced nitrocellulose
membrane (Scleicher & Schuell) using an XCell II™ Blot Module (Invi-
trogen) according to the manufacturer's speciﬁcations. Membranes
were then blocked with PBS containing 0.05% Tween-20 (PBS-
Tween) and 5% blotting grade blocker non-fat dry milk (Bio-Rad)
for 30 min, then treated with KOTV (1/7500) or OBOV (1/5000)
MAF for 1 h at room temperature or overnight at 4 °C, washed thor-
oughly in PBS-Tween and treated with sheep anti-mouse HRP-
conjugated IgG (1/7500) (Silenus, Australia) for 1 h at room temper-
ature. The membranes were developed using ECL Advance WesternBlotting Detection Kit (Amersham) for 5 min and were visualised by
exposure to Hyperﬁlm ECL (Amersham).
Radiolabelling of viral proteins
Virus proteins were pulse radiolabelled essentially as described
previously (Walker et al., 1991) with several modiﬁcations. Vero or
BHK-BSR cells were grown to 80% conﬂuence in 35 mm Petri dishes
(Becton Dickinson) and were infected with either KOTV or OBOV at
an MOI of 3 TCID50/cell or were mock infected. After 1 h at 37 °C,
the inoculum was removed and replaced with fresh medium
(EMEM or BME) containing 0.1% BSA. Virus-infected cells were placed
in 500 μl of methionine- and cysteine-free EMEM (MP Biochemicals),
containing 0.1% BSA and 0.3 μg/ml actinomycin D 3–4 h prior to label-
ling. The cultures were labelled with 50 μCi/ml L-[35S]-methionine/
cysteine (Perkin Elmer) in the same medium for 1 h, rinsed in PBS
three times and then harvested in 200 μl Y-PER Yeast Protein Extrac-
tion Reagent (Thermo Scientiﬁc) containing 1× protease inhibitor
cocktail set V, EDTA-free (Calbiochem). The cell preparations were
vortexed for 20 min and then microfuged at 13,000 rpm for 20 min
at room temperature. The samples were then analysed by electropho-
resis (as above), immersed in Amplify (Amersham) for 1 h, dried
overnight on glass plates using gel drying ﬁlm (Promega) and then
exposed as required to BioMax MR ﬁlm (Kodak) at −80 °C.
Supplementary materials related to this article can be found online at
doi:10.1016/j.virol.2012.01.004.
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